Abstract. Gastric carcinoma is among the most prevalent malignancies, and a leading cause of cancer deaths worldwide. The Hippo pathway defines a novel signaling pathway regulating cell proliferation. The key factor in this kinase cascade is the transcriptional co-activator yes-associated protein (YAP), which is constitutively activated in various types of cancer, including gastric carcinoma. To determine the effect on SGC7901 gastric cancer cells after inhibition of the YAP expression, we used lentivirus-derived small hairpin RNA (shRNA) against YAP. The YAP-specific shRNA significantly suppressed YAP expression at the mRNA and protein levels, reduced cancer cell proliferation and promoted cancer cell apoptosis. It was also found that YAP knockdown significantly increased the G0/G1 cell population and reduced expression levels of a number of genes crucial to cell proliferation and apoptosis, including Ki-67, proliferating cell nuclear antigen (PCNA), survivin and cyclin D1. Thus, our data suggested that knockdown of YAP expression plays a significant role in gastric cancer cell proliferation and apoptosis. Therefore, the YAP gene serves as a potential therapeutic target in gastric cancers.
Introduction
Gastric carcinoma is one of the most common malignant types of cancer worldwide, with characteristics such as high incidence, ease of transfection and a high mortality rate. According to statistics, the global number of newly diagnosed gastric cancer patients is approximately 800,000 per year. Gatric cancer accounts for 9% of newly diagnosed cancer patients, and ranks fourth after lung, breast and colon cancer (1) . Gastric cancer incidence is particularly high in Asia. According to a retrospective study, early gastric cancer only accounts for 2-4%, whereas most cases tend to be advanced gastric cancer (1) . At present, the main treatment available for advanced gastric cancer are surgery and chemotherapy. However, such treatments are not efficacious; thus, new methods of treatment for advanced gastric carcinoma should be found.
YAP, a 65 kDa proline-rich phosphoprotein, located at locus 11q22, was originally identified due to its interaction with the SH3 domain of the c-Yes proto-oncogene product (2) . Several experiments have confirmed that YAP exhibits oncogenic activities. In the human mammary epithelial cell line MCF10, overexpression of YAP induces epithelial-to-mesenchymal transition, and suppression of apoptosis, promoting anchorage independent growth in soft agar, suggesting that YAP contributes to malignant transformation in cancer (3) . YAP has been shown to cooperate with cIAP1 to stimulate tumor growth in nude mice. Moreover, transgenic mice with liver-specific YAP overexpression showed a marked increase in liver size and eventually developed tumors (4) . A strong and diffuse nuclear and cytoplasmic YAP expression in colonic adenocarcinoma, lung adenocarcinoma, and ovarian serous cystadenocarcinoma have also been observed (5) . The abovementioned data strongly indicate the role of YAP as an oncogene.
RNA interference (RNAi) has emerged as the most effective gene silencing tool. In recent years, shRNA, which produces a tight hairpin turn, has been used to induce RNAi in mammalian cells, whereby a vector containing shRNA fragment is introduced into a cell and transcribed by RNA polymerase III. The resulting shRNA hairpin structure is processed by the cell mechanisms to generate 21-25 nt of small interfering RNA (siRNA). siRNA mediates degradation of its complementary mRNAs (6) . This technology has numerous applications in biomedical research, and health care studies such as HIV, viral hepatitis, cardiovascular, cerebrovascular diseases, metabolic diseases, neurodegenerative disorders and cancers (7) .
Studies have found YAP expression to be significantly high in gastric carcinoma as compared to normal gastric epithelium and gastric intestinal metaplasia epithelium (8) . However, its role in the pathological process of gastric carcinoma has yet to be clarified. Moreover, biological effects from the inhibition of YAP expression have yet to be determined. In our study, RNAi technology was used to investigate the effects on cell proliferation, apoptosis and cell cycle alteration after YAP gene silencing in vitro using the human gastric cancer cell line SGC7901. Cell culture. SGC7901 cells and 293T cells were cultured in DMEM supplemented with 10% heat-inactivated FBS, 100 U/ ml of penicillin and 100 µg/ml of streptomycin. The cells were placed in a humidified atmosphere containing 5% CO 2 at 37˚C.
Materials and methods

Materials
Preparation of lentivirus YAP shRNA. The sequences of siRNA duplexes targeting the YAP gene (NM_001130145) were designed online (http://rnaidesigner.invitrogen.com/ rnaiexpress/rnaiExpress.jsp). The sequences were designed as follows: YAP1 (5'-GGTCCTCTTCCTGATGGAT-3'), YAP2 (5'-CTCAGGATGGAGAAATTTA-3'), YAP3 (5'-CAG GTGATACTATCAACCAAA-3') and YAP4 (5'-GAC CAATAGCTCAGATCCTTT-3'). The hairpin DNA oligomers were synthesized and annealed. The annealed double-stranded shRNA oligos were cloned into a PGC-LV neo lentivirus vector that was driven by the U6 promoter and carried the transgene for green fluorescent protein. A control shRNA unrelated to human gene sequences was used as a negative control (5'-TTCTCCGAACGTGTCACGT-3') (9). The accuracy of the inserted sequences of the vectors were verified by sequencing. We selected the most efficient recombinant vector from YAP1, YAP2, YAP3 and YAP4 by transfecting SGC7901 cells and detecting their inhibition level using Western blotting. The selected vector was denoted as YAP-shRNA. YAP-shRNA and NC vector were then placed into 293T cells with virion-packaging elements (pHelper 1.0 and pHelper 2.0). YAP-shRNA and NC vector were separately cotransfected into 293T cells with packing plasmids by calcium phosphate precipitation. After a 24 h culture, the viral supernatant of each clone was collected and the virus titer was measured according to standard protocol.
Selection of the cells in which lentivirus vectors have a stable expression.
Cells were washed and switched into complete medium after transfection. Stable cell lines containing YAPshRNA or NC vector were selected, and 25 µg/ml of puromycin were added into the medium. After 6 weeks of culturing in the presence of puromycin, the remaining cells were isolated and transferred into 24-well dishes. One section of the selected clones was removed for the subsequent experiments and the remaining sections were frozen for future use.
qRT-PCR. To quantitatively determine the mRNA expression level, the qRT-PCR method was used. The total RNA of each clone was extracted using TRIzol reagent according to the manufacturer's protocol. Reverse-transcription was carried out using M-MLV and cDNA amplification was carried out using the SYBR-Green master mix kit according to the manufacturer's protocol. YAP, Ki-67, survivin, AFP, PCNA, cyclinA, cyclinD1 and cyclinE genes were amplified using specific oligonucleotide primers, and the human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as an endogenous control. The sequences of the primers and size of the products are shown in Table I . Data were analyzed using the comparative Ct method (2 -△△Ct ) (10) . Three separate experiments were performed for each clone.
Western blot analysis. Cells of each group were harvested and extracted using lysis buffer (Tris-HCl, SDS, mercaptoethanol and glycerol). Cell extracts were boiled for 5 min in loading buffer and an equal amount of cell extracts was separated on 15% SDS-PAGE gels. Separated protein bands were transferred into polyvinylidene fluoride (PVDF) membranes and the membranes were blocked in 5% skimmed milk powder. The primary antibodies against YAP, Ki-67, survivin, AFP, PCNA, cyclinA, cyclinD1 and cyclinE genes were diluted according to the manufacturer's instructions, and incubated overnight at 4˚C. Horseradish peroxidase-linked secondary antibodies were then added at a dilution ratio of 1:1000, and incubated at room temperature for 2 h. Finally, the membranes were washed with PBS three times and the immunoreactive bands were visualized using an ECL-PLUS/Kit according to the manufacturer's instructions. The relative protein level in different cell lines was normalized to the GAPDH concentration. Three separate experiments were performed for each clone.
Cell proliferation assay. Cell proliferation was analyzed with the MTT assay. Cells were incubated in 96-well-plates at a density of 1x10 5 cells/well with DEME supplemented with 10% FBS. Cells were treated with 20 µl MTT dye at 24, 48, and 72 h and then incubated with 150 µl of DMSO for 5 min. The color reaction was measured at 570 nm using an enzyme immunoassay analyzer (model680, Bio-Rad,Hercules, CA, USA). The proliferation rate was calculated for each clone. The mean and standard deviation of five relative proliferation rates for each clone were calculated.
Cell cycle analysis. To detect cell cycle variation, cells were trypsinized, washed with PBS and fixed with 80% cold ethanol overnight at -20˚C. After PBS washing, the fixed cells were stained with PI in the presence of RNase/A for 30 min at room temperature in the dark. Each sample was filtered through a 50-µm nylon filter to obtain single-cell suspension. The samples were then analyzed on a FACsort flow cytometer (Becton-Dickinson, Mountain View, CA, USA). ModFit3.0 software (Verity Software House, Topsham, ME, USA) was used for the cell cycle analysis. Three separate experiments were performed for each clone.
Cell apoptosis analysis. To detect cell apoptosis, cells were trypsinized, washed with cold PBS and resuspended in binding buffer according to the instructions of the apoptosis kit. FITCAnnexinV and PI were added to the fixed cells for 20 min in the dark at room temperature. Annexin V-binding buffer was then added to the mixture before fluorescence was measured on a FACsort flow cytometer. Cell apoptosis was analyzed using CellQuest software (Becton-Dickinson). Three separate experiments were performed for each clone.
Statistical analysis. The result of each experiment was shown as the mean ± SD where applicable. Statistically significant differences in each assay was determined by SPSS, version 15.0. The difference in each group were tested for significance using one-way analysis of variance (ANOVA). P<0.05 was considered to be statistically significant.
Results
Construction and selection of the most effective YAP-specific shRNA expression vector. The sequencing results showed that the shRNA coding sequences in recombinant plasmids corresponded exactly with our designed target nucleic acid sequences. The construction of recombinant plasmids YAP1, YAP2, YAP3 and YAP4 was found to be successful (Fig. 1A) .
The inhibition levels of the four sets were detected by Western blotting 48 h after transfection. The results showed that the transfection of YAP1, YAP2, YAP3 and YAP4 inhibited the YAP expression in SGC7901 cells. In particular, the most obvious gene-silencing effect was observed in YAP2, which reduced the YAP gene expression by 87.1% (Fig. 1B) . Therefore, YAP2 was selected for stable transfection and its virus titer was 3x10 8 TU/ml. After selecting the cells with stable transfection, they were observed under a fluorescence microscope system (Olympus micropublisher 3.3RTV, Center Valley, PA, USA) to obtain green fluorescence (Fig. 1C) and we found that there was no alteration in cellular morphology after transfection.
In this study, the clone in which the YAP-shRNA virus vectors transfected was known as the YAP-shRNA group, the negative control vectors transfected were known as NC group and no vector transfected was known as the CON group. (Fig. 2B) . 
A B C
YAP siRNA inhibited cell growth. Deregulated cell proliferation is a hallmark of cancer (11) . To determine whether the silencing of YAP by RNAi had an inhibitory effect on SGC7901 cell proliferation, we carried out MTT assay. As shown in Fig. 2C , compared with the NC and CON groups, the YAP-shRNA group was associated with an obvious inhibition in cell proliferation, wheras no obvious difference was observed in cell proliferation in the NC and CON groups. These data suggest that YAP played a critical role in gastric cancer cell proliferation.
Down-regulation of YAP induced G0/G1 arrest.
To determine the effect of YAP suppression on the SGC7901 cell cycle, flow cytometry with PI staining was performed. The proportion of cells in the G0/G1 phase in the YAP-shRNA group was significantly increased compared with that of the NC and CON groups. As shown in Fig. 3A , 74.17% cells of the YAP-shRNA group accumulated in the G0/G1 phase in contrast with 52.3 and 54.4% of the NC and CON groups, respectively. The S-phase fraction in the CON and NC groups was 26.9 and 31.9%, respectively, but in the YAP-shRNA group the value decreased to 8.73%. No significant differences were observed in the proportion of G2/M fractions among the three groups, and an apoptotic peak was detected in the YAP-shRNA group, indicating that apoptosis occurred after the YAP gene was silenced. These results suggested that in vitro conditions and siRNA-mediated down-regulation of the YAP gene induced obvious cell proliferation inhibition. The results showed that the apoptotic rate of cells treated with YAP shRNA vector (42.1%) was significantly higher than that of the CON (9.75%) and NC (10.69%) groups (Fig. 3B) . Findings also showed that knockdown of YAP expression by RNAi induced apoptosis of SGC7901 cells.
YAP silencing reduced Ki-67, PCNA, survivin and cyclinD1 expression. We have shown that YAP accelerated cell proliferation and inhibited cell apoptosis in gastric cancer cells.
To further explore the molecular mechanisms of the role of YAP, we focused on various recognized proliferation-and apoptosis-associated genes. qRT-PCR and Western blotting were performed to determine the Ki-67, PCNA, survivin and AFP levels after silencing YAP by RNAi in SGC7901 cells. As shown in Fig. 3C and D, knockdown of YAP led to downregulation of the expression of Ki-67, PCNA and survivin mRNA and protein compared to the CON (P<0.01) and NC (P<0.01) groups. However, no significant difference was observed on the AFP expression regardless of whether or not the YAP expression was suppressed (P>0.05), indicating that YAP enhanced proliferation and induced apoptosis in gastric cancer cells via mechanisms involving Ki-67, PCNA and survivin.
YAP silencing induced G1 phase arrest in the above experiments. Since cyclins play a crucial role in cell progression, the mRNA and protein levels of cell cycle regulatory factors including cyclinD1, cyclinE and cyclinA were examined. The mRNA and protein levels of cyclinD1, whose implementation was crucial for the G1 to S transition (12), were significantly down-regulated (P<0.01), whereas no significant variations were observed in cyclinA (P>0.05) and cyclinE (P>0.05) ( Fig. 3C and D) . This observation coincided with the result of the cell cycle alteration, where the G1 phase was obviously delayed in the YAP-shRNA group compared with the other two groups.
Discussion
The ability to control tissue homeostasis is key to all multicellular organisms. Dysregulation of either proliferation or apoptosis may lead to cell malignant transformation (13) . Studies in Drosophila melanogaster have shown the Hippo signaling pathway, which acts as a potent regulator of inhibition of cell growth and promotion of cell apoptosis. This pathway is defined by a kinase cascade whereby Mst1/2, facilitated by WW45, phosphorylates and activates Lats1/2. Lats1/2 phosphorylates and inactivates YAP. When YAP is phosphorylated by the Lats1/2, it reserves in the cytoplasm, whereas it interacts with 14-3-3 proteins and is thought to be inactive. Constitutive activation of YAP promotes the downstream factor transcription and expression, which induces cell proliferation, inhibits cell apoptosis, overcomes contact inhibition and contributes to tumorigenesis. Therefore, Hippo signaling antagonizes YAP function by changing its subcellular localization, loss of Hippo signaling promotes nuclear accumulation of YAP and consequently induces the downstream factor activation (14, 15) .
Evidence suggests that YAP is the most critical effector in the Hippo pathway and its overexpression leads to oncogenesis (16) . We found that down-regulation of YAP expression by siRNA inhibited cell proliferation. Furthermore, cell cycle analysis showed that the percentage of the G0/G1 phase cells was significantly elevated in the YAP-shRNA group compared with that in the NC and CON groups, indicating a G0/G1 phase arrest of the cell cycle. Cell proliferation is regulated by cell cycle mechanisms and depends on the balance between positive factors (cyclins) and negative factors (cyclindependent kinase inhibitors) (12) . In the present study, we detected the expression of cyclinA, cyclinD1 and cyclinE. Our results showed that down-regulation of the YAP expression by shRNA caused a marked reduction in cyclinD1, while the expression level of cyclinA and cyclinE were not significantly affected. Although early studies have reported that the activation of YAP increased the cyclinE transcription in Drosophila (17), our findings did not support the result in gastric cancer cells. Therefore, cyclinE was unlikely to be a transcriptional target of YAP, at least in the context of gastric cancer cells, and cyclinE transcription may be regulated by the Hippo pathway in a tissue-and region-specific manner. Therefore, our study suggested that knockdown of YAP arrested the cell cycle in the G0/G1 phase by inhibition of cyclinD1 expression.
Although Yki, the homolog of YAP, inhibited apoptosis in Drosophila (18) , the role of YAP in apoptosis was controversial in mammals. Various studies have shown a proapoptotic function of YAP, which was mainly explained by the coactivation of p73 (19, 20) . However, a discrepancy exists in the literature with regards to the role of YAP. One possible explanation is that YAP may selectively activate certain apoptotic signaling pathways, such as p73, to induce cells apoptosis in certain cells and under certain conditions. As in gastric cancer, quantification of apoptotic cells was performed by flow cytometry. The data demonstrated that the apoptosis of SGC7901 cells transfected with the YAP-shRNA vectors was significantly increased compared to that of the NC and CON groups. This suggested that YAP inhibits apoptosis in gastric cancer cells.
As a novel transcriptional coactivator, YAP is involved by binding with downstream targets (21) . Therefore, an important step in future research is to identify the binding transcription factors that partner with YAP to regulate cell signaling pathways in mammals. To identify potential downstream targets of YAP, we surveyed genes whose expression were regulated by the down-regulation of YAP. Identifying these factors may provide insights into how YAP regulates the downstream signals and its role in oncogenesis. In Drosophila, activation of Yki leads to an increased transcription of Diap1, bantam, and cyclinE (17) . On the other hand, reported YAP-associated transcription factors in mammals include Smad7 (22) , PEBP2a (23), EBP50 (24), p53BP-2 (25), P73 (26) , TEAD/TEF (27), ErbB-4 (28) and RUNX2 (29) . Therefore, YAP is responsible for regulating the expression of a large number of genes and is involved in a variety of biological processes.
The most widely used proliferation factors include Ki-67 and PCNA. Ki-67 is a nuclear antigen associated with the cell cycle regulation. Results of a detailed cell cycle analysis has demonstrated that the Ki-67 antigen was expressed in all stages with the exception of the G0 phase. Thus, Ki-67 is important for cell proliferation (30) . PCNA is a 36-kDa nuclear protein that acts as an auxiliary protein for DNA polymerase-δ and is an absolute requirement for DNA synthesis. It is a stable cell cycle regulated nuclear protein whose rate is directly correlated with the proliferative rate of cells (31) . Survivin is a new member of the inhibitor of apoptotic protein (IAP) family. Investigators have found survivin to be overexpressed in most common tumors, but almost never in normal tissues. The overexpression of survivin is closely related to tumorigenesis and progression, and is one of the strongest apoptotic inhibitors identified (32) . Early reports have shown that the expression of YAP and survivin were positively correlated and YAP may induce survivin expression in gastric cancer (33) . α-fetoprotein (AFP) is a fetal serum protein that is produced by the fetal liver and yolk sac cells, and certain fetal gastrointestinal cells (34) . YAP has been found to induce AFP expression in several tumors, and clinical association analysis has revealed that YAP expression in hepatocellular carcinoma (HCC) was significantly associated with a high serum AFP level (35) . Therefore, we investigated whether Ki67, PCNA, survivin and AFP were correlated with YAP expression in gastric cancer. We demonstrated that YAP down-regulation reduced the expression level of Ki67, PCNA and survivin. Therefore, we speculated that YAP induces a high expression of cell proliferation-related factors and apoptotic inhibitor factors, which may be involved in promoting gastric cancer cell proliferation and inhibiting cancer cell apoptosis. Collectively, these results suggest a regulatory role for YAP in the regulation and activation of the cell proliferation markers Ki-67 and PCNA, and the cell apoptosis marker, survivin. However, the AFP level did not have a significant difference in the YAP-shRNA group compared with the NC and CON groups. The most likely reason for this observation was that AFP was a cell-type-specific factor and was not involved in YAP regulation in gastric cancer cell line SGC7901. In brief, the genes identified in the current study suggested that YAP was an essential signaling molecule within cells, regulating a number of actions through various genes.
In conclusion, our data showed that lentivirus vectormediated RNAi significantly suppressed YAP expression in SGC7901 cells. Knockdown of YAP expression by RNAi suppressed the growth and induced apoptosis of SGC7901 cells, which may be related to the regulation of PCNA, Ki67 and survivin levels. The cell proportion of the G0/G1 phase was found to significantly increase following the silencing of YAP by down-regulating the expression of cyclinD1. These results indicate that YAP plays a significant role in gastric tumorigenesis and may therefore be a potential target for the treatment of gastric carcinoma.
